Results obtained in an enzyme-linked immunosorbent assay (ELISA), an indirect fluorescent antibody test (IFA), and a modified direct agglutination test (MAT) for Toxoplasma gondii antibodies from examination of fetal fluids from 377 aborted ovine fetuses were compared. Sixty-seven samples were positive by MAT (titers 1:16 to > 1:65,536), 58 were positive by ELISA, and 62 were positive by immunoglobulin G-IFA. The MAT was preferred because it required less time, labor, and special equipment. It was simple to run, could be done on serum from any species without modification, and it was more effective than the IFA for detecting toxoplasma antibodies in severely autolyzed fetuses. No advantage was found in determining immunoglobulin M antibodies in ovine fetal sera.
Toxoplasmosis is now a recognized cause of fetal death and lamb losses in the United States 7 and many other countries? Of all the methods available for the diagnosis of Toxoplasma gondii-induced abortion in livestock, fetal serologic examination is relatively inexpensive and reliable. 1, 6, 15 This report is a comparison of a direct agglutination test, an enzyme-linked immunosorbent assay, and an indirect fluorescent antibody test for detection of T. gondii antibody in ovine fetal thoracic fluid or sera obtained from 377 aborted fetuses submitted to the South Dakota Animal Disease Research and Diagnostic Laboratory.
Materials and methods
Sera. At necropsy, fluids were aspirated from thoracic cavities, or blood was collected from the hearts of aborted lambs. Sera were not heat-inactivated and were stored up to 3 days at 4 C.
Modified direct agglutination test (MAT) . The MAT was performed as previously described. 4 Serum samples and control sera were diluted 1:8 and 1:800 with phosphate-buffered saline solution (PBS), pH 7.2. Twenty-five microliters of each test serum dilution was added to 1 of 2 wells in a U-bottom microtiter FN plate." Twenty-five microliters of 0.2 M 2-mercaptoethanol (2-ME) in PBS was added to each test well (making the final dilution of the serum samples 1:16 and 1: 1,600). This was followed by 50 µ1 of T. gondii antigen b diluted in freshly prepared 0.1 M borate-buffered saline, pH 8.9. Positive and negative sera were used to titrate each lot of antigen to determine the working dilution and were also used as controls in each test. An antigen control (consisting of PBS, 2-ME, and diluted antigen) was included in each test to check for autoagglutination of antigen.
The plate was sealed with a transparent adhesive sheet. The contents of the plate were mixed 1 min on a microtitration plate mixer c at a setting of 4. The plate was then allowed to stand undisturbed at least 6 hr at room temperature (20-25 C) before it was examined. The reaction was stable up to 72 hr and could be successfully examined up to that time provided the plate was not disturbed.
The results of the test were examined visually with a microtiter mirror. d Results were considered positive when the antigen formed a mat covering more than half of the well base. The mats that shrank around the edge to produce irregularly shaped rings were regarded as positive if more than 50% of the well bottom was covered. A result was equivocal when the agglutination mat covered 50% or less of the well base, but did not form a distinct button or ring. A negative result was determined by the formation of a button or ring similar to that formed by the negative or antigen control. Test sera producing positive or equivocal reactions were titrated to the endpoints.
ELISA. The ELISA was performed as indicated by the instructions in the kit e except that alkaline-phosphatase-labeled rabbit anti-sheep immunoglobulin G (IgG) f was substituted for the anti-human IgG conjugate furnished with the kit. The final serum dilution for the test was 1:26. All tests were performed at room temperature (20-25 C) . The kit plate consisted of removable well strips in which alternating wells were coated with T. gondii antigen. Each test serum required both an antigen well and a control well. The removable well strips allowed one to use only the number of wells necessary for the number of sera to be tested. The plates were read on an ELISA plate reader g at a wavelength of 405 nm.
The optical density (OD) value for each serum was calculated by subtracting the OD of the control well from the OD of the antigen well. Because positive ovine control sera with known antibody concentrations were not available, the threshold value for a positive result was arbitrarily established at twice the average OD value of 2 negative controls.
Indirect fluorescent antibody test (IFA). Glass microscope slides with 10 printed circular areas covered with the Rh strain of T. gondii h (about 20 tachyzoites per 400 x microscope field) were used. Serum samples were diluted 1:16 and 1:256 in 0.01 M PBS, pH 7.6, and 20 µ1 of 1 test serum dilution was placed on 1 circular area while the other dilution was added to the adjacent circular area. The slides were incubated 45 min at room temperature in a moist chamber. The slides were rinsed 10 min with 0.01 M PBS, pH 7.6, and then were air-dried. The reaction sites were covered with 20 µ1 of fluorescein isothiocyanate-conjugated rabbit anti-sheep IgG (diluted 1:30) or immunoglobulin M (IgM) diluted 1:20. i The working dilutions of the conjugates were determined by titration using ovine fetal sera with and without antibody to T. gondii that had been screened by both MAT and ELISA. After addition of the conjugate, the slides were again incubated 45 min, rinsed 10 min in 0.01 M PBS, pH 7.6, and air-dried. One drop of mounting fluid was placed on each reaction site and a coverslip was added. Positive and Table 2 . Modified direct agglutination test (MAT) T. gondii antibody titers, ELISA results, and results of IgG-IFA in autolyzed ovine fetuses.
The gestational ages of the 5 fetuses positive in the IgM-IFA were estimated to be greater than 4 months as shown in negative controls consisted of ovine fetal sera that were positive or negative for antibody to T. gondii by both MAT and ELISA. An antigen control overlaid with conjugate only was run on each slide to check for autofluorescence of the antigen. The slides were examined at a magnification of 400 x using a fluorescence microscope and a xenon light source with 490nm excitation filter and 530-nm blocking filter. Positive sera produced complete bright peripheral fluorescence. Staining at 1 tip (capping) of the parasite, partial staining of the cell membrane, and faint staining were considered negative.
Results
Occasionally, the reactions in control and antigen wells in the ELISA were inconsistent; otherwise control reactions for each test were consistent. A total of 377 ovine fetal fluid samples was screened by all 3 tests. Sixty-seven samples were positive by MAT (titers from 1:16 to >1:65,536), 58 were positive by ELISA, and 62 were positive by IgG-IFA. Five samples were positive by IgM-IFA and all 5 were also positive by IgG-IFA. The correlation of the results from the MAT, ELISA, and IgG-IFA tests is given in Table 1 .
The MAT and ELISA detected T. gondii antibody in 7 autolyzed fetuses as shown in Table 2 . Five of the autolyzed fetuses were positive by IgG-IFA and had MAT titers ranging from 1:32 to > 1:32,768.
Experimental data show that infection of the fetus with T. gondii occurs about 2 weeks after oral infection of the ewe. 3 Infection in the first half of gestation is more frequently lethal to the fetus than infection in the last half of gestation. 6, 11 Ewes infected during mid-gestation (70-90 days) or later usually abort or have lambs that are born alive but are congenitally infected. 19, 20 Abortion generally does not occur until 4 weeks or more after experimental inoculation of the ewe with T. gondii. l4 Appreciable amounts of anti-toxoplasma IgM or antibody could be detected consistently only in fetuses from ewes examined 30 days or more after experimental inoculation of the ewe with T. gondii. 3, 6 The ovine fetus begins to develop immunocompetency between the 60th and 70th days of gestation, producing mainly during this time. l0, 16 As the fetus matures, it becomes more immunocompetent and develops the ability to synthesize at around 90 days of gestation. 9, 16 It is possible for the fetus to be in the late stages of synthesis at the time the ewe is infected, and by the time the fetus becomes infected, it may be able to synthesize IgG. Most toxoplasmainfected lambs examined at abortion late in gestation or when stillborn will have passed through the phase of production and will predominate in the response. l3 The absence of T. gondii antibodies does not preclude the possibility of toxoplasmosis, because the development of fetal antibodies depends on the age of the fetus at the time of infection and the time between infection and death or examination? The class of antibody was detected more frequently than IgM; however, only 1 method was used to detect IgM. Anti-toxoplasma was present in all of the fetuses that had antibodies to T. gondii. The results of the IgM-IFA test were significantly (P < 0.05) different from those of the other 3 tests.
Whole killed tachyzoites are used for the antigen in the MAT. 7 This test measures only activity because the 2-mercaptoethanol added to the sera to prevent nonspecific agglutination of the parasite by "normal" also inactivates any specific that might be present. It is necessary to screen each serum sample at 2 dilutions to avoid false negative results caused by the "prozone phenomenon." 2 The prozone phenomenon occurs when an excess of specific is present and saturates binding sites on the antigen. This prevents cross-linking between antigen and antibody, and agglutination cannot occur. In sera with large concentrations of anti-T. gondii IgG, the effect usually occurs at the lower dilution (1:16), while at the higher dilution (1: 1,600) agglutination occurs because the antigen : antibody ratio is more favorable to crosslink formation. The lowest MAT titer considered significant is 1:16. 6 In the current study, all sera in which the effect occurred at the 1:16 dilution had titers much higher than 1: 1,600; therefore, there is little likelihood that a serum that produced the effect at 1:16 would be negative at the 1:1,600 dilution.
The T. gondii antibody titer in thoracic fluid within l-2 days of death approximates the titer in serum. 6 The thoracic fluid antibody titer decays along with the autolysis of the fetus. It is likely that in highly autolyzed fetuses, even a titer < 1:16 may be specific, but because of precipitates and bacterial contamination, we regard a titer of < 1:16 as nonspecific.
The MAT required the least amount of time to perform. All reagents were added to the wells during the initial set-up and allowed to react. The MAT results were evaluated visually and subjectively and depended on the interpretive skills of the technician. The MAT required no special instrumentation other than the microtiter mirror for determining the results. Although chi-square tests showed no significant difference in the results of the MAT, ELISA, and IgG-IFA, more fetuses were positive by the MAT than by the other 2 tests ( Table 1) . Results of comparison of the MAT to the Sabin-Feldman dye test (DT), indirect hemagglutination (HA), and latex agglutination test (LAT) showed the HA and LAT to be less sensitive than the MAT for detection of T. gondii antibodies in ovine fetal sera from experimentally induced abortions. 6 The antigen for the IFA is whole, killed tachyzoites affixed to microscope slides. The screening test may be performed using only 1 serum dilution (1:16), although the instructions provided with the slides suggested the use of 2 dilutions (1:16 and 1:256). The IFA test can be used to screen ovine fetal sera for as well as antibody classes. The IFA requires use of a fluorescence microscope. Test results are easy to evaluate visually and subjectively.
Munday and Corbould obtained good results using 1:16 as the lowest dilution for examining serum samples from aborted fetuses. 12 However, Munday and Dubey found that T. gondii antibody in autolyzed fetuses could not be detected by IFA. 14 In the present study, anti-toxoplasma was found in 7 severely autolyzed fetuses by MAT and ELISA. The IgG-IFA did not detect toxoplasma antibody in 2 of these 7 fetuses. Anti-toxoplasma was not detected by IFA in any of these 7 fetuses.
At the time of examination, the estimated gestational age of 5 fetuses that were positive in the IgM-IFA test was greater than 4 months. Less mature fetuses may not be capable of producing detectable quantities of anti-T. gondii IgM, 16 or high levels of specific may prevent binding of specific due to competition. Using the IFA to selectively screen for only would not be practical and is not indicated, because more positive results were obtained from fetuses ranging in gestational age from 3 months to term. The IgM-IFA appears to serve little advantage as a routine screening test for T. gondii antibody in aborted ovine fetuses.
The ELISA employs soluble T. gondii antigen adsorbed to microplate wells, and could be used to detect either or antibody. Only the test for was used in this trial. The ELISA was the most labor-intensive of all the tests. It required that reagents be made up immediately prior to their addition to the wells, and many steps were required to complete the test. Reactions in control and antigen wells occasionally were inconsistent.
Interpretation of results for the ELISA test was objective. Once the threshold value was established, test serum OD values fell into either the positive or negative range. The ELISA requires use of a photometer to determine absorbance values for the wells because visual examination of the wells for color change only could distinguish negative reactions from strong positive reactions.
None of the tests used in this study required sera to be heat-inactivated, because complement was not necessary for any of the reactions. Therefore, use of these tests avoids the interference caused in the DT by the naturally occurring complement-like factor present in some ovine sera. 5, 17, 18 Also, live organisms are not used in the 3 tests, thus all are relatively safe for laboratory personnel. The antigens in the IFA and ELISA tests have been standardized by the manufacturer to assure uniformity from lot to lot, and each kit is ready to use immediately. Antigen for the MAT presently cannot be purchased in this country, although it can be bought in France.
The MAT was preferred over the ELISA and IFA tests because: (1) it was the least labor-intensive, (2) it was convenient for single samples, (3) the results were evaluated visually and required no special instrumentation, (4) the MAT could be used to test sera from any species, because species-specific conjugates were not used, and (5) autolysis appeared to have a minimal effect on the results of the MAT, whereas it seemed to interfere with the IFA results in some cases. 
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